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Abstract 
Pyrolysis is the first stage reaction in the processes of coal thermochemical conversion. In this study, Zhundong coal 
is pyrolyzed in an electric heated horizontal tube furnace. The combustion and gasification of coal and char are affected 
by the surface area, pore structure and chemical factors. The structure properties of Zhundong coal and chars are 
characterized with X-ray diffraction (XRD), CO2 adsorption isotherm, Fourier transform infrared spectroscopy (FT-IR), 
scanning electron microscope (SEM). XRD results indicate that, with pyrolysis temperature and time increasing, the 
stacking height (Lc) increases and then decreases, and the size of aromatic layer (La) of chars increases while the lattice 
plane spacing (d002) almost stays unchanged. The specific surface area, pore volume, and average pore width are 
calculated, and the results show that the chars present more developed pore structure. FT-IR study reveals the presence 
of -OH, C=O, -CH, and C=C. The intensity of band of -OH group (3100-3600 cm-1), C=O group (1700 cm-1), C=C 
group (1600 cm-1), and C-H group (2800-3100 cm-1) decreases with the increase in the pyrolysis temperature and time. 
The above results indicate that the structure properties of chars are strongly dependent on heat treatment conditions, 
which is essential for the utilization of Zhundong coal. 
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1. Introdution 
Zhundong coalfield is the largest integrated basin in China, which can meet the total coal consumption requirement 
in China for 100 years [1]. Therefore, the investigation on Zhundong coal is theoretically and practically significant for 
China to make good use of coal resource. However, till now, most research has focused on the combustion reactivity of 
Zhundong coal and the problems during combustion process, such as fouling and slagging, induced by sodium in coal. 
Relative little research has been done on the structure properties of Zhundong coal and the corresponding char, which 
would be helpful to predict the behavior of coal during gasification and combustion process [2-4].  
Pyrolysis is the first stage reaction in the processes of coal thermochemical conversion (combustion, gasification and 
liquefaction). Pyrolysis process is affected by pyrolysis temperature, pyrolysis time and other factors such as pressure, 
atmosphere, heating rate and mineral content, etc. [3-6]. Pyrolysis process is divided into three stages depending on the 
pyrolysis temperature [7].When coal particles are heated, initial thermal decomposition reaction inside the particles will 
produce volatiles and semi-coke. Both physical and chemical changes happen during the pyrolysis process.  
X-ray diffraction is the most common technique to study the microcrystalline structure of coal and char. By 
comparing the X-ray diffraction patterns microcrystalline structure of char under different pyrolysis conditions can be 
qualitatively and quantitatively judged. Oya [8] employed “resolution and fitting technique” to analyze the XRD 
patterns of char and indicated that chars contain three different forms of carbon structures, namely broad amorphous 
carbon (some poor amorphous carbon structure), relatively broad turbostrat carbon (relatively neat structure of 
amorphous carbon) and graphitic carbon (graphite-like carbon structure). The three structures of carbon mix together 
and form char carbon, therefor the XRD patterns of char show asymmetrical characteristic bands of crystal in the coal 
and char. 
Fourier transform infrared spectroscopy (FT-IR) is widely used for the study on the coal structure and its 
derivatives. The FT-IR spectrometers provide sensitivity and accuracy band position of various functional groups such 
as -OH, aliphatic and aromatic -CH, and carboxylic groups (-COOH) [9]. Ibarra [10] studied a series of coals varying 
in rank with FT-IR and curve-fitting analysis to gain additional information on coal structure and the main 
structural changes that take place during the coalification process, and the results indicated that the ratio of 
aromatic carbons to carboxyl groups appears to be a suitable parameter for assessing the natural maturation of 
coal. 
The objective of this work is to study the structure properties of Zhundong coal after pyrolysis. The change of 
semi-coke parameters after pyrolysis is focused, and the effect of pyrolysis temperature and time are also considered. 
During the pyrolysis process, the coal particle morphology, functional groups and crystalline structure are evolved. 
2. Experiments 
2.1. Sample preparation 
In this study, Zhundong coal was crushed and sieved to the sizes between 0.18 and 0.355 mm. Proximate and 
ultimate analyses of the coal are presented in Table 1. It can be calculated that the Hdaf/ Cdaf is 0.048. Zhundong coal was 
pyrolyzed in an electric heated horizontal tube furnace [11]. A continuous flow of pure N2 was injected to the furnace 
during the heating process. A coal sample that spreads a thin layer on a flat crucible was pushed into the isothermal 
heating region of the furnace at the setting temperatures. After being heated for the setting time the  samples were 
pushed to the cooling region at the end side of the tube and cooled down to temperature lower than 100oC by N2 flow 
inside the tube and cooling water outside of the tube, finally the sample was removed and preserved in a drying dish 
with silica gel desiccant inside. A series of Zhundong coal were pyrolyzed in the furnace at the temperatures from 
200oC to 900oC for 30 minutes.  The char is denoted, for example, as Char-500-30min when the pyrolysis temperature 
was 500oC and pyrolysis time was 30 minutes. Another series of Zhundong coal were pyrolyzed at 900oC for different 
times from 30 seconds to 60 minutes. We denote the chars, for example, as Char-900-30s and Char-900-5min, 
respectively, when the pyrolysis time was 30 seconds and 5 minutes, respectively, and the pyrolysis temperature was 
900 oC. 
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Table 1 Proximate and ultimate analyses of Zhundong coal  
Proximate analysis /%  Ultimate analysis /% 
Mad Aad Vad FCad  Cad/ Cdaf Had/ Hdaf Oad/ Odaf Sad/ Sdaf Nad/ Ndaf 
14.32 8.18 26.77 51.73  61.46/78.12 3.03/3.75 11.39/15.75 1.00/1.46 0.62/0.82 
ad , air dry basis; daf , dry ash free basis; FC, fixed carbon; V, volatile matter; A, ash, M, moisture. 
2.2. Apparatus and procedure 
The structure properties of Zhundong coal and chars were characterized by means of X-ray diffraction (XRD), 
carbon dioxide adsorption isotherm, Fourier transform infrared spectroscopy (FT-IR), scanning electron microscope 
(SEM). 
 2.2.1 X-ray powder diffraction 
D/MAX-3A is produced by Rigaku Company with Cu target. Samples were mortared into powder in an agate, then 
were tableted and loaded on the glass holder. Continuous scan mode was adopted, and the diffraction angle 2θ range 
from 10 to100 degree in steps of 0.02 degree per minute. The peak intensity (unit is (SQR) counts / sec) and the 
diffraction angles patterns were obtained.  
2.2.2 Fourier transform infrared spectroscopy 
The FT-IR used is VERTEX Series spectrometers produced by Bruker. The flux is 15000, spectral range is 400~4 
000 cm-1, the instrument resolution is 4 cm-1, the number of scans samples is 32 times, and the number of scans 
background (contrast blank KBr tablets) is also 32 times to get high quality spectrum after the deduction of spectral 
response of background. Samples and KBr were mortared into powder as small as possible, and then mix them together 
at ratio 1:120. The mixture was compressed into a sheet using tabletting machine and measure the sample sheets. The 
test process is as follows: under infrared heat lamp at 60oC 1mg sample powders(before being grounded) and 120mg 
KBr(before being grounded) was weighed to an agate mortar and mixed uniformly and ground, then compressed into a 
sheet by tabletting machine and the sample sheets were measuredby pure KBr powder to eliminate background.   
2.2.3 Surface area and porosity analysis 
TRISTAR II3020 is produced by Micromeritics Instrument Corporation. Instrument performance: the material 
surface area ranges from 0.01 m2/g to no limit and the pore size analysis rangswithin 1.0~300 nm. CO2 is used as the 
carrier gas because CO2 could enter micropores. The samples were pretreated at the temperature of 150oC for 6 hours in 
order to degas the coal and chars, and then use drikold at 273 K to test samples and other adsorption measurements.  
3. Results and discussion 
3.1. Crystalline parameters analyses 
Aromatic structure analyses of Zhundong coal and chars were carried out by X-Ray Diffraction (XRD) spectrometer 
technique. Original patterns of Zhundong coal and chars are showed in Fig. 1. It can be seen that there are two wide 
bands around 2θ ≈ 25 ° and 44 °, which represent the parallel orientation of char aromatic and the size of aromatic (La), 
respectively. When the pyrolysis time is 30 minutes, increasing the pyrolysis temperatures can result in the narrowing of 
002 band width. However, the 100 band of chars emerge gradually and intensity increases, indicating that the size of 
aromatic layer (La) increases and the aromatic structure is in  good order. When the pyrolysis temperature is 900oC, the 
same phenomenon emerges with the increase in the pyrolysis time. The results show that as the pyrolysis temperatures 
or pyrolysis times increases, the diffraction angle 2θ corresponding to band 002 tends to be larger. It seems that to some 
extent it is inconsistent with the movement direction in the literature [12], but when theresolution and fitting methods 
are used to analysis the patterns, the same results can be obtained.  . 
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Fig. 1 X-ray diffractogram of Zhundong coal and char, (a) effect of pyrolysis temperatures, (b) effect of  pyrolysis times. 
As perthe resolution and fitting of XRD patterns, the unit of the ordinate to SQR is set, and the range of abscissa (2θ) 
from 15 to 35° is picked. In the XRD patterns of Zhundong coal and char, there are some thin and distinct diffraction 
peaks, and most of them are crystal diffraction peaks of SiO2, the peaks are erased and the amorphous peak is fitted into 
two peaks (θ=15~35°). Fig.2. shows the resolution and fitting of Char-900-30min. After several iterations in the fitting 
process the total error (R) is 2.07%. 
 
Fig. 2 Resolution and fitting of Char-900-30min  
Crystalline parameters as the lattice plane spacing (d002) complying with the Bragg law (1), the stacking height (Lc) 
deduced from the Scherrer formula (2) and the averaged aromatic ring number (N) for aromatic layers (3) were 
calculated from band 002 [13]: 
TO sin2 002d                                                                                                                                                             (1) 
TE
O
cos
89.0 cL
                                                                                                                                                              (2) 
002d
LN c                                                                                                                                                                   (3) 
There λ is the wavelength of incident wave (λ=1.5406 Å for Cu target radiation), and d002 is the spacing between the 
planes in the atomic lattice, and θ is the Bragg angle corresponding the diffraction maximum of 002 band, and β is 
a b 
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called FWHM (full width at half maximum) representing the width of angular of 002 band at half height corrected.  
Fig.3(a) shows the plot of aromatic crystallite parameters of Zhundong coal and char with pyrolysis temperatures 
increasing from 200oC to 900oC at the pyrolysis time of 30 minutes. The lattice plane spacing (d002) is almost 
unchanged, while the aromatic layer stacking heights (Lc) increase and then decrease, and it reaches a maximum at 500 
oC. The average aromatic ring number N has the same trend with that of Lc. As is mentioned above the size of aromatic 
layer (La) of chars increases when the pyrolysis temperature increass (for the same pyrolysis time). The change of char 
crystallite parameters is caused by the change of the pyrolysis temperature. The increase in La may be caused by 
removing of functional groups [14] such as OH, COOH, C=O, CH3, CH2, Ar-O and many others. The weak covalent 
bond breaking from coal molecules make the combination between macromolecules, thus leads to the growing of La 
[15]. The functional groups removing from char release of H2O, CO2, CO, CH4, C2H2 etc. from coal when it is heated. 
The pores damage aromatic layer superimposing and it stops the increasein La when pyrolysis temperature reaches 50 
oC (pyrolysis time is 30 min.). Fig. 3(b) shows the plot of aromatic parameters of char after the pyrolysis at 900oC. It 
can be seen that at 30 seconds and 1 min, Lc and N paroxysmal increase. The parameters (Lc and N) drop slightly when 
the pyrolysis increases from 30 min to 60 min. The maximums of Lc and N are at 1 min (pyrolysis temperature is 900 
oC).   
             
Fig. 3 Aromatic parameters of Zhundong coal and char, (a) effect of temperatures; (b) effect of  pyrolysis times. 
Functional groups analyses 
Fig. 4 shows the evolution of the functional groups of the chars at different pyrolysis conditions. Broad band at 
3700–3200 cm-1 is attributed to OH group for Zhundong coal and chars. Fig. 5(a) shows that single absorption bonds 
are at 3694 cm-1, 3620 cm-1, and broad bonds with middle wavenumbers at 3400 cm-1, 3500 cm-1 for Zhundong coal. 
The intensity of bonds at 3694 cm-1, 3620 cm-1 decreased with pyrolysis temperature increase, and no obvious change 
can be found when the temperature reaches 500oC. The broad bond at 3500 cm-1 disappears when the pyrolysis 
temperature is 200oC, and the intensity of the broad bond at 3400 cm-1 decreased with temperature increased. When 
Zhundong coal is pyrolyzed at 900oC, the bonds at 3694 cm-1 and 3620 cm-1 disappear at 1 min, and the broad bond at 
3500 cm-1 disappear at 30 s, and the bond intensity at 3400 cm-1 decrease with time increasing. The bonds at 3694 cm-1 
and 3620 cm-1 may belong to the OH vibration of kaolinite [16], or belong to the weak hydrogen bond between OH and 
OH [17]. The broad bond at 3550 cm-1 belongs to the hydrogen-bonding between OH and OH or between OH and ether 
group. The broad bond at 3400 cm-1 belongs to the OH vibration in water, phenol, alcohol, and carboxyl. 
 
a b 
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Fig. 4 FT-IR spectra of Zhundong coal and char, (a) effect of pyrolysis temperatures; (b) effect of pyrolysis times. 
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Fig. 5 The change of OH during pyrolysis process: (a) effect of pyrolysis temperatures; (b) effect of pyrolysis times. 
Peaks at 2800-3100 cm-1 for Zhundong coal and char show C-H group in aliphatic or aromatic ring. The bonds at 
3030, 2950, 2920, 2850 cm-1 show the aromatic C-H stretching vibration, aliphatic CH3 asymmetric stretching vibration, 
CH2 asymmetric stretching vibration and CH2 symmetric stretching vibration, respectively. The intensity for chars 
decreased with increasing the pyrolysis temperature, and when the pyrolysis temperature is higher than 500 oCć or 
when the pyrolysis time is longer than 1 minute  no bonds of CH is observed. The decreasing of aromatic C-H in chars 
as the pyrolysis temperature increasing confirms the condensation between the aromatic during pyrolysis. The results 
correspond to XRD results. Literature [18] showed that the generating of C2H2 is due to the rupturing of aliphatic chain 
from aromatic.  
a b 
a b 
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Fig. 6 The changes of CH during pyrolysis, (a) effect of pyrolysis temperature; (b) effect of pyrolysis time. 
Peaks at 1700 cm-1 and 1600 cm-1 show clearly absorption of C=O (carboxyl, ketone, ester), aromatic C=C. The 
intensity of those bonds decrease with pyrolysis temperature increases, and when the pyrolysis temperature reaches 700 
oC (pyrolysis time is 30 min.) there is no distinct peaks of C=O. This is consistent with previous study [18]. Fig. 7(b) 
shows that after the pyrolysis time reaching 5 minutes (pyrolysis temperature is 900 oC), the intensity of C=O bond 
almost disappears. So we can say there is no C=O after the pyrolysis temperature reaching 700 oC (pyrolysis time is 
30min.) and pyrolysis time reaching 5 minutes (pyrolysis temperature is 900 oC). For the chars, it is attributed to the 
generation of CO in coal pyrolysis, and previous results showed that the most rapid evolution of carbon monoxide (CO) 
is at 700 oC during pyrolysis [19]. After pyrolysis for 30 minutes at 700 oC most C=O functional groups converted to 
CO, then no C=O in chars. And the temperatures of generating of CH4 and C2H2 are lower than that of CO. So C=O 
disappears at higher temperature than that of C-H. The band at 1600 cm-1 is assigned to stretching C=C groups in 
aromatic ring and phenolic hydroxyl. Aromatic C=C stretching are expected to increase with increasing the pyrolysis 
temperature and time, but it is not consistent with Fig. 7. The peak around 1600 cm-1 is mainly controlled by the 
decrease of phenolic hydroxyl groups, and maybe C=C is the “constant” background [20]. 
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Fig. 7 The changes of C=O and C=C during pyrolysis, (a) effect of pyrolysis temperature; (b) effect of pyrolysis time. 
3.2. Scanning electron microscopy (SEM) analysis 
Fig. 8 shows the SEM images of Zhundong coal, Char-600-30min, Char-700-30min, Char-900-30min, Char-900-30s, 
Char-900-1min, Char-900-5min and Char-900-60min. with the increase of pyrolysis temperature and pyrolysis time, 
chars surface can break into small pieces and particulate layer. The SEM images show that Zhundong chars possess 
rough surface and have more porous than Zhundong coal. BET CO2 surface area and pore structure parameters 
measurements were completed on samples and the results are shown in Table 2. The results indicate that the specific 
a b 
a b 
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surface area of Zhundong chars increases 1-2 times than that of coal, and the average pore width increases by 5% than 
the Zhundong coal. Based on the XRD patterns, when pyrolysis temperature is lower than 900 oC, the effect of 
polycondensation reaction is stronger than that of depolymerization and decomposition reaction.  
 
  
    
 
      
Fig. 8 SEM images of Zhundong coal and char, (a) Coal; (b) Char-600-30min; (c) Char-700-30min; (d) Char-900-min; (e) Char-900-30s; (f) Char-
900-1min; (g) Char-900-5min; (g) Char-900-60min. 
3.3. Pore structure analyses 
Pore structure is an important property of char influencing combustion and gasification. Fig. 9 shows the isotherm 
linear plot for CO2 adsorption of Zhundong coal and char. The results indicate that the pores (coal or char) are slightly 
larger than the adsorbed molecules, and the pores are micropores. The effect of pyrolysis temperature on specific 
surface areas of the char is shown in Table 2. Gavalas [14] indicated that, with different heat conditions, char surface 
area (and pore volume) changes charging over by two opposite process: 1) the removing of crosslinking of functional 
groups and pyrolysis volatiles making pores large, thereby increasing the pore volume; 2) after crosslinking of 
functional groups removing structural units of coal becoming ordered and coalescent, the pore volume and surface area 
of the char reduction. Fig. 9 shows the Isotherm Linear Plot of Zhundong coal and Char-900-5min. Curves show that 
the pores size of the adsorbent is slightly larger than the adsorbed molecules. And Char-900-5min adsorb more CO2 
than Coal indicating that the pore structure is more rich for Char-900-5min.When the pyrolysis temperatures are 
between 300~600 °C, pyrolysis reactions act as coal depolymerization and fragmentation, releasing large amounts of 
volatile, thereby when the pyrolysis temperature is 600 oC, it produces big surface area. As the pyrolysis temperature 
increase to 900 °C, specific surface area (BET and Langmuir) and pore volume decrease slightly comparing with that of 
Char-600, thereby we think there is a balance between precipitation of volatiles and polymerization of char. For the 
particle size of Zhundong coal, the average pore width increased during pyrolysis. Too high temperatures would cause 
pore narrowing and enlargement during pyrolysis [21]. 
a b c d 
e g h f 
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Fig.9. Isotherm Linear Plot, (a) Coal; (b) Char-900-5min 
Table 2 Pore structure parameters of Zhundong coal and chars for CO2 adsorption 
sample 
specific surface area, m2/g Pore Volume, m3/g pore width, Å 
p/p0=0.03 BET Langmuir p/p0= 0.03 4V/A by BET 
coal 64.32 90.17 71.31 0.026 11.79 
Char-600-30min 169.56 207.43 185.33 0.070 13.51 
Char-900-5min 207.84 251.36 227.63 0.086 13.66 
Char-900-30min 207.63 257.89 257.26 0.086 13.30 
4. Conclusions 
Coal is a complex fuel which would performance differently with different thermal treatment methods and operating conditions. 
Several characterization techniques are adopted to analyze the structure properties of Zhundong coal and chars which were prepared 
in an electric heated horizontal tube furnace, and study the effect of the pyrolysis temperatures and the pyrolysis times. Several 
conclusions can be drawn:  
1) With the increase in  the pyrolysis temperature and the pyrolysis time, the crystallite structure and parameter change regularly, 
the lattice plane spacing (d002) almost stays unchanged and the stacking height (Lc) of chars increases, but  the size  of the aromatic 
layer (La) increases and then decreases, and the maximum achieves at 500oC (30 minutes) and 1 minute (900 oC).  
2) FT-IR study reveals the presence of -OH, C=O, -CH, and C=C. OH range, CH range intensity diminishes with the increase in 
the pyrolysis temperature and the pyrolysis time; C=O range disappears at 700 oC (30 min.) and 5 min. (900 oC); 1600 cm-1 decreases 
due to the decrease in the phenolic hydroxyl; aromatic C=C limited maturity represents at 1600 cm-1. The results are consistent with 
the formation of gases (H2O, CO, CH4/C2H2) during pyrolysis.   
3) Pore structure of the chars is formed by the co-effect: depolymerization of functional groups and ordered crystallite structure. 
The chars present more developed pore structure with the temperature and pyrolysis time increasing, and the size of the particle 
increases slightly. As the pyrolysis temperature and time increase, chars surfaces were broken into small pieces. Structure properties 
of chars are strongly dependent on pyrolysis temperature and time. Above all, pyrolysis process closely relates to pyrolysis 
temperature and time for Zhundong coal. 
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